Low-cost semiconductor photocatalysts offer unique possibilities for industrial chemical transformations and energy conversion applications. We report that a range of organic semiconductors are capable of efficient photocatalytic oxygen reduction to H2O2 in aqueous conditions. These semiconductors, in the form of thin films, support a 2electron/2-proton redox cycle involving photoreduction of dissolved O2 to H2O2, with the concurrent photooxidation of organic substrates: formate, oxalate, and phenol. Photochemical oxygen reduction is observed in a pH range from 2-12. In cases where valence band energy of the semiconductor is energetically high, autooxidation competes with oxidation of the donors, and thus turnover numbers are low. Materials with deeper valence band energies afford higher stability and also oxidation of H2O to O2. We found increased H2O2 evolution rate for surfactant-stabilized nanoparticles versus planar thin films. These results evidence that photochemical O2 reduction may be a widespread feature of organic semiconductors, and open potential avenues for organic semiconductors for catalytic applications.
Semiconductor-mediated photocatalytic redox reactions are a major focus of energy conversion and sustainability research, with photochemical production of hydrogen and fuels from CO2 reduction being two well-developed areas. [1] [2] [3] An emerging concept for solar-to-fuel conversion is the photochemical generation of hydrogen peroxide, which is a high energy-density liquid fuel which can be used to drive single-compartment fuel cells. [4] [5] [6] Photochemical generation of H2O2 from O2 and water is possible using carbon nitride derivatives, though catalytic stability of these systems has not been verified. 5, 7 Herein we propose that such catalytic transformations can be generally possible with common organic semiconductors. Organic semiconductors have only recently begun to receive more attention in photocatalysis, where hydrogen evolution [8] [9] [10] [11] , primarily with cocatalysts, has been demonstrated. [12] [13] [14] [15] Interest in photochemical and photofaradaic reactions with organic semiconductors has arisen in the context of emerging bioelectronics devices, where potential physiological effects of reactive oxygen species [16] [17] [18] as well as photooxidation of organic substrates 19 produced by organic semiconductors have been pointed out in several studies. We have recently reported that some organic semiconductors, namely acridones 20 and coumarin derivatives, 21 can be used as photocathodic materials which generate hydrogen peroxide. In parallel, we found that the n-type material perylene tetracarboxylicbisimide, is an electrocatalyst for oxygen reduction to hydrogen peroxide. 22 These results of hydrogen peroxide production via oxygen reduction by organic semiconductor electrodes encouraged us to explore the possibilities of purely photocatalytic oxygen reduction to peroxide by organic semiconductors, with the simultaneous photooxidation of a sacrificial electron donor. As active materials we have chosen to evaluate three representative organic semiconductors with differing conductivity properties, namely ptype, n-type, and ambipolar: 1) the ambipolar organic semiconductor epindolidione (EPI), which has shown aqueous operational stability in the context of transistors 23, 24 and photocathodes; 2) perylene tetracarboxylicdiimide (PTCDI), 25 with exclusively n-type conduction; and 3) poly(3-hexylthiophene), P3HT, with p-type conductivity and an established literature in organic devices. 26, 27 The molecular structures, with their respective optical band gaps and frontier orbital energy levels, are shown in Figure 1a . The evaluation of photochemical hydrogen peroxide evolution was performed by placing a sample of a thin-film of EPI, PTCDI, or P3HT, in a glass vial with aqueous electrolyte under 1 atm of O2 ( Figure 1b ). The aqueous electrolytes were pH 2, 7, and 12, made with HCl, Na2SO4, and NaOH, respectively. Figure 1 . a) Molecular structures of epindolidione (EPI), N,N'-dimethyl perylene tetracarboxylicdiimide (PTCDI), and poly(3hexylthiophene) (P3HT), on an energy diagram. Optical bandgaps are given for the respective solid-state materials, while the frontier orbital energy levels shown in the plot are estimations from electrochemical measurements. All three materials have LUMO levels capable of oxygen reduction to H2O2, while PTCDI has a HOMO level deep enough to oxidize water as well. Green dotted lines show where the respective potentials versus NHE correspond to the Fermi scale. b) Setup for evaluating photocatalytic oxygen reduction to H2O2.
The sacrificial donors (10 mM) that were explored were formate, oxalate, and phenol, with "blank" signifying the electrolyte solution alone, i.e. the condition where H2O, or the organic semiconductor layer itself, are the only potential electron donors. Vials were saturated with oxygen, closed, and then placed on a solar simulator setup equipped with cooling fans. Aliquots of solution were regularly sampled and H2O2 concentration was quantified using the tetramethylbenzidine/horseradish peroxidase assay. 20, 28 Table 1 shows the results of H2O2 concentration after 20h for all conditions. To understand the photochemical process in detail, calculation of turnover number (TON) is necessary. In this case, TON refers of the molar quantity of H2O2 evolved divided by the molar quantity of organic semiconductor that degrades over the same period. The amount of organic semiconductor which photochemically degrades is calculated from the absorbance spectrum of the material measured after dissolving the layer in solution and comparing with absorbance of a control sample which was not irradiated. Optical absorption of the dissolved material as opposed to direct optical measurements of the films was preferred to discount the contribution of any morphological/polymorphic changes which can occur and influence absorption and give spurious readings for amount of degraded material. The results for TON ( Figure 2 ) allow one to distinguish two different regimes: where the TON is ≤ 1, indicating that the semiconductor itself is the substrate in the photoreaction, and where TON is substantially greater, corresponding to true photocatalysis. Oxalate and phenol are the best sacrificial donors for photocatalysis in the case of EPI and PTCDI, where TONs in the range of 10-800 are possible. PTCDI is the only material with TON > 1 in the "blank" case, indicating that PTCDI is capable of photocatalytically oxidizing water. This can be predicted based on the energy diagram in Figure 1 -only PTCDI is appropriate for water oxidation. The catalytic activity of PTCDI for H2O2 production from O2 and water is 2.7 µg H2O2/ mg catalyst per hour at pH 7, and 5 µg H2O2/ mg catalyst per hour at pH 12. This compares favorably with graphitic carbon nitride, with 0.7-0.8 µg H2O2/ mg catalyst per hour at pH 7. 5, 7 Meanwhile, P3HT is in most cases an efficient photosubstrate, with TON ≤ 1. Rates of P3HT oxidation with simultaneous H2O2 evolution are rapid, for example at pH 7 in "blank" conditions, P3HT produces the most peroxide of the three materials. The general observation of oxygen reduction to H2O2 should motivate future study into the exact mechanistic pathway(s) involved. Table 1 . Hydrogen peroxide concentrations in solutions of pH 2, 7, and 12 photogenerated by organic thin film illuminated over 20h on a solar simulator. Four different electron-donor conditions were used: 10 mM of formate, oxalate, or phenol, or "blank" referring to water with added HCl or NaOH for adjusting pH. Solution volume was 0.4 ml. 30 nmols of organic semiconductor were used throughout. To confirm the hypothesis that a true photocatalytic cycle of oxygen reduction to peroxide with accompanying oxidation of the various donors exists, we fabricated semiconductor photoelectrodes and tested for photoanodic oxidation of donors in deoxygenated conditions (Figure 3a ). We carried out chronoamperometry measurements with on/off dark and light conditions under argon, and found that both EPI ( Figure 3b ) and PTCDI (Figure 3c) give photoanodic currents in the presence of formate, oxalate, and phenol. PTCDI showed photoanodic current in blank electrolyte as well. By virtue of its deeper HOMO level, PTCDI is thermodynamically able to oxidize water to O2 and at higher pH the direct oxidation of water to H2O2 could be also possible. We tested if H2O2 was evolved via photooxidation by performing photoanodic chronoamperometry in deoxygenated conditions up to 5.5 hours, and were never able to detect any H2O2. This experiment further proves that H2O2 is a product exclusively of oxygen reduction. These results together confirm that indeed photoinduced holes in the valence band of the respective semiconductors are responsible for oxidation of the various donors. P3HT electrodes did not show any photoanodic currents under these conditions, attributable to the fact that P3HT exclusively supports hole mobility, and for the photoanodic process transport of electrons is required. While heterogeneous thin films are appropriate for some practical devices, maximizing photocatalytic active area by creating colloidal nanoparticles is often employed for efficient photocatalysis. We therefore synthesized EPI nanocrystals with aqueous colloidal stability and tested their photocatalytic performance. EPI nanocrystals were synthesized by solubilizing deprotonated EPI molecules in DMSO/KOH and reprecipitation into water containing poly(vinylpyrrolidone) and sodium dodecyl sulfate as stabilizers (Figure 4a inset). Excess stabilizer was removed by dialysis of the nanoparticles. The resultant nanoparticles were evaluated by dynamic light scattering and showed stable size distribution (average ≈140 nm) over one month, with some aggregation visible only after 2.5 months (Figure 4a ). Optical absorption and photoluminescence also did not show changes over time (Figure 4b ). Colloidal nanocrystals showed 2-4 times faster H2O2 evolution rate than equivalent amounts of thin-film EPI (Figure 4c-d) , and better TONs at pH 2. At pH 2, the "blank" case gave a TON > 1, which can be attributed to photochemical oxidation of the ligand poly(vinylpyrrolidone) 29 as the sacrificial electron donor (Figure 4c ). Phenol functioned as a good donor for EPI crystals, however TON was not calculated since the oxidation products of phenol have overlapping absorption with EPI, thus resulting in an overestimated TON. Overall these results are consistent with the interpretation that colloidal nanocrystals offer a higher exposed catalytic surface area. In summary, we have found that three types of organic semiconductors have the ability to photochemically reduce oxygen to H2O2. Simultaneous photooxidation of various donors yields a true photocatalytic cycle, however this competes with self-oxidation of the organic semiconductor itself as the sacrificial electron donor. Materials with shallow HOMO levels such as P3HT produce H2O2 efficiently with essentially quantitative oxidation of the organic semiconductor. On the other hand, PTCDI, with its deep HOMO level, behaves like a true catalyst, and significantly, is capable of photooxidation of water. In addition, when colloidal nanocrystals can be obtained instead of thin films, as in the case of EPI, higher TONs can be achieved thanks to higher exposed catalytic surface. From the point of view of long-term stability of photocatalysts for H2O2 evolution, understanding and preventing of the oxidation process is an important consideration. Based on the trend that stability and TON apparently increase as the HOMO level becomes lower (PTCDI < EPI < P3HT) it is easy to conclude that the deeper the HOMO, the more stable the material will be as a photocatalyst. Further research is needed to understand the picture fully, as all materials evaluated here do degrade, even PTCDI with the deepest HOMO level. Substitution with electron withdrawing groups may be carried out not only to bring down HOMO levels, but to block sites of potential degradative reactivity. Quantum efficiency of the photocatalytic process remains below 1%, largely limited by the low exciton separation efficiency in organic semiconductors. This invites the possibility of optimizing the process by making classic donor-acceptor heterojunctions and/or nanostructuring the semiconductor to maximize interface with the aqueous medium. For the field of photocatalysis in energy conversion applications, our results are encouraging in demonstrating intrinsic photocatalytic features of organic semiconductors, including oxidative water splitting, and should pave the way for further studies to achieve cheap and scalable semiconductor catalysts.
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